Xenotransplantation of human liver cells is an expanding field in need of new and precise quantitative techniques. "Real time" PCR is a sensitive and accurate method of quantifying picogram quantities of DNA. We used "real time" PCR with primers complementary to the human α-1-antitrypsin gene to assess the efficiency of engraftment of human liver cells transplanted into immunotolerant RAG-1 −/− mice. Standard curves were created by mixing known proportions of human and mouse cells. There was a linear relationship between the PCR cycle at which DNA was amplified [threshold cycle (C T )] and the percent human cells (linear regression, p < 0.00009). Results were reliable, with a maximum 1.27-fold variation in the slopes of repeated standard curves. Linearity was maintained from 100% to as low as 0.01%. Therefore, 1 in 10,000 mouse cells could be detected in a 100 ng DNA sample. We measured the percent engraftment of human liver cells transplanted into the spleen of RAG-1 −/− mice. By "real time" PCR assay, 0.23% human cells could be detected at 1 day after human cell transplantation. These results show that "real time" PCR assay is highly sensitive, reproducible, and accurate for detecting human cells in xenotransplanted mice.
INTRODUCTION
traditional method of distinguishing cells by surface markers and quantifying these cells, fluorescent labeling is generally used to identify the cells of interest. Fluores-Recent clinical studies have shown that hepatocyte transplantation can be successful in bridging humans cent labeling is variably sensitive and can have a high rate of background or cross-reactivity between different with liver failure to whole organ transplantation and in supporting patients with metabolic liver disease (4, 14) .
antigens, decreasing the sensitivity and accuracy of the assay. Our goal was to develop an assay that had high Indirect methods of detecting transplanted hepatocyte engraftment have been applied, including serial monitor-sensitivity and accuracy for detecting cells from heterologous transplantation in an immunodeficient mouse ing of clinical parameters of liver function (4). Autologous liver cell transplantation using mice (10) and rat host. A technique known as "real time" PCR was described (7) recipients is also well described, as are several techniques for detection of transplanted autologous cells by Heid et al. in 1996 (6) . This technique uses a fluorescent probe whose sequence is complementary to the (7,10,12). However, there is a paucity of sensitive and accurate techniques for use in heterologous transplanta-template sequence. The probe is double labeled with a reporter dye and a quencher dye. When the probe is in-tion, especially for the detection of human liver cells transplanted into mice. Some techniques involve stain-tact, it does not give off a fluorescent signal because the reporter dye is quenched. But during the polymerization ing or labeling of the transplanted cells, which are then counted by visual inspection upon harvest (7, 10, 13) .
phase of the PCR cycle, the fluorescent probe is cleaved by the 5′ to 3′ nuclease activity of Taq DNA polymer-Others involve the use of markers such as hepatitis antigens (5) or the Y chromosome (2). A published account ase. After cleavage, the reporter dye is no longer quenched. A point is chosen in the log phase of the am-of transplantation of human liver cells into mice used DiI fluorescent staining and flow cytometry of trans-plification plot, usually at 10 standard deviations above the mean of baseline emission calculated from cycles 1 planted cells (13) . While flow cytometry has been the 92 FUNKHOUSER ET AL. through 15, called the threshold cycle (C T ). C T is re-the Puregene DNA Isolation Kit protocol was performed ported as the cycle number at which the amplification and the purified DNA was quantified by fluorimeter. For plot crosses the fixed threshold baseline. The C T value the purpose of performing a standard curve of percent is predictive of the quantity of input template (6). of human DNA, mouse and human DNA samples were We applied this assay to quantify the engraftment of purified separately. Human DNA was then mixed with human cells in immunodeficient mouse liver. We were mouse DNA as follows: 0%, 0.01%, 0.02%, 0.03%, attempting to quantify the proportion of total liver cells 0.04%, 0.05%, 0.06%, 0.07%, 0.08%, 0.09%, 0.1%, that were human. Because C T is predictive of quantity 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, 0.8%, 0.9%, of input DNA, C T was chosen as the best outcome mea-1.0%, 2.5%, 5.0%, 7.5%, 10.0%, 12.0%, 15.0%, 18.0%, sure for this study. This method has previously been 20.0%, 25.0%, 30.0%, 35.0%, 40.0%, 45.0%, 50.0%, shown to sensitively and accurately quantitate the chro-55.0%, 60.0%, 65.0%, 70.0%, 75.0%, 80.0%, 85.0%, mosomal translocation t(14;18) in patients with non-90.0%, 95.0%, 100.0% human DNA. Hodgkin's lymphoma (1). Here we report the use of "real time" PCR with primers complementary to the hu-"Real Time" PCR man α-1-antitrypsin gene to quantify the proportion of A "real time" PCR assay was developed using the human cells transplanted into mouse livers.
ABI PRISM TM 7700 Sequence Detection System (PE Applied Biosystems, Foster City, CA). Based on the 5′ MATERIALS AND METHODS nuclease activity of the Taq DNA polymerase, PCR am-Liver Cell Isolation plification in the presence of target-specific double fluo-Human liver cells were obtained from In Vitro Techrescent-labeled fluoregenic probe allows increasing nologies (Baltimore, MD). The cells were cryopreserved numbers of unquenched reporter molecules to be deafter preparation from the cadaver of a 33-year-old male tected in real time (6). The combination of the stringent with no known liver disease, the cause of death being conditions of the PCR, the small size of the amplicon, cerebrovascular accident. The cells were thawed rapidly and the method of detection of amplification make this at 37°C. They were then added to ex vivo medium with PCR method highly sensitive and specific. The primers 10% fetal bovine serum (FBS) and spun at 4°C, 500 rpm were complementary to the human and mouse α-1-antifor 3 min. Liver cells were resuspended in ex vivo 10% trypsin genes and amplified products approximately 70 FBS or PBS for injection. Trypan blue exclusion rebases in length. The sequences of the human primers vealed viabilities between 56% and 78%. Cells were diwere: forward, 5′-CGAAGAGGCCAAGAAACAG-3′; luted to 10 7 per ml, and 200 µl was injected into each reverse, 5′-GTCAAGCTCCTTGACCAAATCC-3′. The mouse.
sequences of the mouse primers were: forward, 5′-CGG Mouse liver cells for use in mixing experiments for TGAAGGTGCCCATGA-3′; reverse, 5′-AGCTGGAGAG the "real time" PCR assay were obtained by perfusion TGTGCTGCAA-3′. The sequences of the double-labeled of mouse liver with warm 0.5 mM EGTA solution for fluorogenic probes were: human, 5′-FAM-CCTTGAG 10-20 min and warm collagenase (Boehringer Mann-TACCCTTCTCCACGTAATCGTTGA-TAMRA-3′ and heim, 0.2 mg/ml) for 20 min. The portal vein was cut to mouse, 5′-VIC-CACATCAAGCATGCCCGAGAGGGT allow outflow of blood and collagenase (11) . Transplan-TAMRA-3′. The PCR reaction contained 300 nM of fortation was performed by inoculation of human liver cells ward and reverse primers, 200 nM fluorogenic probes, into the tip of the spleen as described (5) (50 mM KCl, 10 mM Tris-HCl, 0.01 M EDTA, and 60 DNA Samples nM dye that serves as an internal control called Passive Reference 1). Human and/or mouse DNA (100 ng) was Approximately 1.12 × 10 6 mouse or human cells were added to each PCR reaction. All reactions were percentrifuged at 3000 rpm for 5 min. The pelleted cells or formed in triplicate. All reagents were obtained from the 0.5-1 mg ground tissue (when mouse liver was assayed)
TaqMan PCR reagent kit (PE Applied Biosystems). The were lysed as per Puregene DNA Isolation Kit (Gentra primers and fluorogenic probes were obtained from PE system, Minneapolis, MN). To create the standard curve, Applied Biosystems or Megabases, Inc. (Evanson, IL). 18 samples were prepared by mixing the following per-
The PCR was performed in 96-well plates. The condicent human and mouse lysate: 0%, 0.01%, 0.05%, tions were: 2 min of incubation at 50°C to allow the 0.09%, 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, 0.6%, 0.7%, UNG cleavage, 95°C for 10 min to activate the Ampli-0.8%, 0.9%, 1.0%, 5.0%, 10.0%, 50.0%, 100.0% human. After mixing mouse and human lysate, the remainder of Taq Gold, followed by 40 cycles of 15 s denaturation at 95°C and hybridization of probe and primers and poly-method generates confidence intervals for the ratio of means of normal distributions, and our point predictor merization for 1 min at 60°C. Unknown samples were quantified by running a stan-for percent human liver cells is the ratio of variables that are, for large samples, normally distributed. dard curve with each experiment. Values were calculated from the standard curve by determining the C T of RESULTS the unknown and calculating the value of the percent Limits of Detection of Human DNA human cells from the regression equation of the standard curve.
The percent of human DNA as a function of threshold cycle was examined first using standard samples. As Human Liver Cell Transplantation Into RAG-1 −/− Mice shown in Figure 1 , there was a linear relationship be-C57BL/6J-Rag1 tm1Mom mice were obtained at 4 weeks tween C T and the percent human DNA over the range of of age from The Jackson Laboratory (Bar Harbor, ME).
0.01-100% human DNA (linear regression slope = −3.5, Two doses of retrorsine 30-60 mg/kg dissolved in ethap < 0.00009). This indicates that 1 part human DNA nol/water (1:10) were administered intraperitoneally (IP) could be detected in 10,000 parts mouse DNA. No DNA 2 weeks apart. Two days after administering the second was detected by the human-specific primers in the samdose of retrorsine, one dose of carbon tetrachloride ple with 100% mouse cells. This indicates that, within (CCl 4 ) dissolved 1:20 in mineral or olive oil was adminthe limits of detection of this assay, there is no crossistered IP. Eighteen hours after administration of CCl 4 , species detection. and under isofluorane anesthesia, 2 × 10 6 human liver Estimating Percent Human Liver Cells cells or saline in a 200 µl volume were injected into the mouse spleen.
We were interested in the percent of human cells engrafted. This could not be determined by measuring the Histology of Mouse Liver Tissue percent of human DNA present in mouse liver because, After each mouse was killed, part of the liver was as expected, the amount of DNA in human liver cells placed in formalin buffer for paraffin embedding and was different from that in mouse liver cells (data not part was frozen for cryostat sections. Paraffin-embedded shown). We therefore developed an assay to accurately tissue was sectioned and stained with hematoxylin and quantify the percent of human cells (rather than human eosin. Cryostat sections were soaked in acetone for 15 DNA) in the mouse liver. Preparation of standard sammin at 4°C and then air dried for 30 min. The sections ples by dilution of cells resulted in a lack of predictabilwere washed in phosphate-buffered saline (PBS) and inity in results of the dilutions (data not shown). This may cubated with phycoerythrin-labeled anti-human HLA-1 have resulted from cells adhering to one another or to antibody (Ancell Immunology Research Products, Baythe tube. To avoid these uneven results, we lysed an port, MN) diluted 1:40 in PBS with 0.1% bovine serum equal number of human and mouse liver cells. Standard albumin at 4°C overnight. After washing with PBS and samples were created by mixing volumes of human and drying, the slides were examined with a fluorescent mimouse lysates in known proportions. These standard croscope (485 λ filter).
samples then represented varying percentages of human liver cells. Figure 2 shows that there was a linear rela-Statistical Analysis tionship between percent human liver cells and C T (lin-Because logarithmically transformed percent DNA or ear regression slope = −3.04, p < 0.00009). There was liver cell data had a linear relationship when plotted consistency in our results. From experiment to experiagainst C T , log-transformed values were used for the ment, there was a maximum 1.27-fold difference beanalysis. Data generated from all standard curves of C T tween the slopes of the standard curves of percent huversus log percent human DNA or liver cells were anaman liver cells versus C T . lyzed by linear regression with the use of the SPSS sta-Linearity of the Assay in Different Ranges tistical package. In every sample where a C T value of 40 was reached, there was a possibility that a higher C T Because the early engraftment rates of human liver cells were <1%, the lower limit of linearity of the stan-could have been reached if the experiment had more PCR cycles. C T of 40 represented a cutoff, but not a true dard curve was important to establish. We performed regression analysis on points between 0.01% and 0.1% end point. Therefore, all C T s of 40 were excluded from analysis. Ninety-five percent confidence intervals for human liver cells at 0.01% intervals, between 0.1% and 1% human liver cells at 0.1% intervals, and between 1% unknown samples were constructed by repeating assays of a given sample of DNA from transplanted mouse and 100% human liver cells. In all of these ranges, the relationship between percent human DNA and C T was liver. The same idea as the Fieller method was used to calculate the confidence intervals. The Fieller (3) linear (p values <0.0003, <0.0003, and <0.0062, respec- tively). Points below 0.01% showed no linearity. These Evidence of Human Liver Cells in Tissue of Transplanted Mice data showed that "real time" PCR could detect points between 0.01% and 100% human liver cells reliably, but could not detect points <0.01% reliably. Because values "Real time" PCR was applied to the analysis of liver below 0.01% could not be quantified reliably, any valtissue from mice transplanted with human liver cells. ues in this range were considered negative.
For this purpose, solid liver tissue was extracted and PCR was performed using the human-specific α-1-antitrypsin primers. The percent of human liver cells present Specificity of the Primers for Correct Species Detection in whole mouse liver was determined for mice from one Every experiment performed with the human α-1experiment that died or were killed 0-9 days after surantitrypsin primers included a control of 100% mouse gery (Fig. 4) . A rate of engraftment of 0.23% was decells. These negative controls in most experiments tected in the liver of a mouse 1 day after transplantation showed a threshold cycle of 40 or occasionally 38 to 39, of 2 × 10 6 hepatocytes. The negative control of 100% meaning that no amplification of DNA above the cutoff mouse DNA did not amplify at 40 cycles. The positive value of 0.01% human DNA was present at the last PCR control of 100% human DNA was amplified at a C T that cycle (data not shown). Therefore, the human primers plotted to a point slightly greater than 100% human cells were specific for amplification of human DNA. on the standard curve (Fig. 4) . The deviation of the posi-Experiments were also performed using primers comtive control from the standard curve may be related to plementary to the mouse α-1-antitrypsin gene (Fig. 3) .
the fact that solid tissue, as opposed to liver cells, was The mouse primers were also specific. One-hundred perused in the control sample. When amplification of the cent human DNA amplified with mouse-specific primers same unknown sample was repeated in separate experiyielded a threshold cycle of 40, meaning that no mouse ments, the predicted values of positive samples had DNA was amplified at 40 cycles. This standard curve overlapping 95% confidence intervals. was also linear from 0.01% to 100% mouse liver cells Successful transplantation of human cells in immunodeficient mouse liver was confirmed histologically. (linear regression slope = −2.28, p < 0.00009). Figure 5 shows human hepatocytes in the lumen of a this assay is important for the development of useful portal tract of a mouse that died 40 min after transplanmodels of heterologous human to mouse transplantation. tation. This finding confirmed that the cells that were By this method, early engraftment of human hepatocytes infused into the spleen migrated to the liver. However, it in a mouse liver could be demonstrated. It was predid not show engraftment of those cells. Figure 6 shows viously shown that there is a strong correlation between evidence of engraftment. A frozen section of a liver copy number of initial DNA and C T , and that this from a mouse that was killed 9 days after transplantation correlation can be used to measure the number of t(14; is shown. The fluorescent signal represented human 18)-positive cells in lymphoma tissue (1). To our knowlcells surrounding a portal tract and in the liver parenedge, ours is the first report of this principle being apchyma. This confirmed that human cells that had been plied to xenotransplantation. transplanted were present in the liver tissue of the The relationship between C T and percent human mouse.
DNA was linear from 0.01% to 100%. Points from 0.01% to 1% and 0.1% to 1% were equivalent in slope DISCUSSION and level of significance of linear regression. This indi-To our knowledge, this study shows for the first time cated that, in both of the ranges studied, reliable estithat as few as 1 in 10,000 human liver cells transplanted mates could be made of percent human liver cells in a into mouse liver can be detected reliably. The levels of background of mouse liver cells. Therefore, 1 in 10,000 efficiency in human liver cell xenotransplantation could human cells could be detected using 100 ng of DNA. be accurately quantified with this method. "Real time"
There are several caveats to the stated limit of detec-PCR thus provides a valuable tool to evaluate progress tion in this system. The DNA of one mouse liver cell in cellular transplantation technologies involving xenoweighs approximately 6 × 10 −12 pg. Therefore, 100 ng of grafts.
DNA contains material from approximately 16,000 These results far exceed the current sensitivity of decells. Thus, our maximum detection capability was 1 in tection using other methods such as Alu repeats PCR 16,000 cells. The sensitivity of this method is con-(8), microsatellites (9), or routine PCR (Funkhouser, unpublished data). The high sensitivity and accuracy of strained, then, by the size of the sample used and could theoretically be increased if a larger number of cells was these procedures for all labs that implement this protocol. used in the PCR assay. Another factor leading to potential inaccuracy in estimating the proportion of human As methods are improved for transplantation of human cells to mouse liver, the accurate and sensitive de-liver cells is random statistical variation in the probability of detecting one human liver cell if it is present tection of the achieved rate of engraftment will be increasingly essential. "Real time" PCR using primers and among 9999 mouse cells. We determined, by the test of binomial distribution, that there is a 63% probability of a probe complementary to the human α-1-antitrypsin gene provides a reproducible tool for this purpose. detecting 1 human cell in 10,000 mouse cells if the experiment was performed one time, and a 95% probabil-Quantification using this method will also be useful as the technology of cell xenotransplantation moves for-ity if the experiment was performed three times. Experiments performed for the purpose of detecting human ward and rates of engraftment increase. liver cells in the livers of transplanted mice were per- mixed and where DNA was aliquoted. We recommend
